Introduction
Whey acidic protein (WAP) is an abundant protein in milk of mice (Piletz et al., 1981; Hennighausen and Sippel, 1982a,b) , rats (Hennighausen et al., 1982) , rabbits (Devinoy et al., gene into three lines of transgenic pigs and analyzed its expression (Wall et al., 1991) . The gene was expressed at high levels specifically in the mammary gland and the protein was secreted into milk (Wall et al., 1991) .
In the present study we tested whether the WAP gene was expressed at high levels throughout successive lactational periods without adversely affecting mammary gland function. For this purpose we generated nine additional transgenic founder pigs and present a detailed analysis of five lines.
Materlals and Methods
Production of Transgenic Pigs. Sexually mature gilts had their estrous cycles synchronized and were superovulated as previously described (Purse1 et aL, 1990) . The time of ovulation was controlled by feeding 15 mg of altrenogest (R-2267, 17-allyl-hydroxyestra-4,9,11-trien-3-one)7 daily for 5 to 9 d beginning on d 12 to 15 of an estrous cycle. Twenty-four hours after the last feeding of altrenogest, 1,000 to 2,000 IU of pregnant mare's serum gonadotropin (PMSG) was injected (s.c.) and 79 h later each gilt was given an injection (i.m.) of 500 IU of human chorionic gonadotropin (hCG). Estrous behavior was monitored and embryo donor gilts were either mated with a fertile boar or were artificially inseminated with fresh semen twice during estrus.
Between 51 and 54 h after hCG injection donor gilts were anesthetbed with ketamine hydrochloride and azepromazhe malate, and their reproductive tracts were exposed by midventral incision. Ova were recovered by flushing 20 ml of Dulbecco's phosphate buffered saline (Dulbecco and Vogt, 1954) from the uterotubal junction through the cannulated infundibular end of each oviduct. Recovered ova were immediately placed in modified Brinster's Modified Oviduct Culture medium (Brinster, 1972) at 38°C. transported to the laboratory, and microinjected pig ova are optically opaque and, as a consequence, their nuclear structures cannot be visualized by any standard optical procedure.
However, centrifugation of ova at approximately 15,000 x g for 3 to 8 min displaces the 'Hotchst-Roussel, Agri-Vet Co., SomerviUe, NJ. %omega cop., Madison. WI. opaque material in the cytoplasm, thereby allowing the nuclear structures to be seen (Wall et al., 1985) . Ova were cenWged and a pronucleus of each lcell ovum or both nuclei of each 2-cell ovum were injected with 1 mM Tris-HCl, .1 mM EDTA, pH 7.2, containing approximately 2 ng/pl of a 7.2-kb EcoRI fragment that contained the mouse WAF' gene (Campbell et al., 1984) . The fragment contained the entire transcribed region with its four exons, three introns, and 2.6-kb 5' and 1.6-kg 3' flanking sequences. Microinjections were performed with the aid of differential interference contrast optics at 2OOx magnification.
An average of 26 injected ova were deposited into the ampullar region of one oviduct of each recipient gilt whose estrous cycle had been synchronized with altrenogest (but not given PMSG) or back into donor gilts immediately after their oviducts had been flushed (purse1 and Wall, 1989) . Time from recovery to transfer of embryos averaged 3 h and 40 min. To identify transgenic pigs, DNA from tail biopsies was prepared and analyzed for the mouse WAP gene by Southern blot analysis (Maniatis et al., 1982) . Offspring from the F1 and Fz generations were a n a l y d by the polymerase chain reaction using primers specific to the WAP gene (Burdon et d., 1991) . Throughout the text F1 generation pigs are identified by their unique numbers followed by their founder's number in parentheses.
Analysis of Milk Proteins. Lactating sows were milked manually and milk proteins were separated into the casein and whey fraction by acidic precipitation (Hennighausen and Sippel, 1982a) . hWc whey proteins were separated under denaturing conditions in 16% SDSpolyacrylamide gels and either stained with Coomassie Blue or transferred to nitrocellulose. After transfer the membrane was incubated overnight in 20 mM Tris-HC1 at pH 7.5, 500 mM NaCl (TBS) containing 3% gelatin, and then washed in TBS + .05%
Tween 20 (TTBS). The membrane was probed for 90 min with a 1:200 dilution of WAP (Wall et al., 1991) or P-lactoglobulin rabbit anti-sera (kindly provided by Elizabeth Forsyth), followed by washing and incubation with alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin Gs in TBS plus 1% BSA for 1 h. Antibody-antigen complexes were stained with nitrobluetetrazolium and SHAMAY 5-bromo4chloro-3-indolyl-phosphate8 in 100 mM Tris-HC1 at pH 9.5, 100 mM NaCl, and 5
Isolation of Pig f3-Lactoglobulin and pCasein cDNA. Total RNA was isolated from lactating swine mammary gland and poly(A)+ RNA was prepared using the Quick mRNA purification kit9. Complementary DNA was synthesized using a cDNA kitg and ligated into the EcoRl site of lambda ZAP llg and packaged using Gigapak Plus9. Approximately 20,000 pIaques were screened with cDNA probes encoding bovine p-casein and lactoglobulin. The DNA was isolated from purified plaques, and the inserts were excised with EcoRl and subcloned into Bluescriptg. Sequences of the inserts were determined using the T7 primer and synthetic oligonucleotides corresponding to sequences were determined using the T7 system.
Isolation of RNA and Northern Blot Analysis. After removal from the animal, biopsied mammary gland tissue was placed immediately in liquid nitrogen. Total RNA was isolated by the acid guanidinium thiocyanite phenolchloroform extraction method (Chomczynsky and Saacke, 1987) and fractionated on formaldehyde agarose gels (Kroczek and Siebert, 1990) . The RNA was then transferred onto Genescreen Plus nylon membranes1* according to the manufacturer's specification and hybridized with random primed, labeled cDNA fragments encoding WAP (Hennighausen and Sippel, 1982b) , pig p-casein, and pig p lactoglobulin. After hybridization for 12 h at 65T, membranes were washed according to the manufacturers specifications and exposed to x-ray F i .
Isolation of DNA and Southern Blot Analysis. Genomic DNA was isolated from tail tissue using Proteinase K digestion, phenol extraction, and ethanol precipitation (Pittius et al., 1988a) . After digestion of 20 p,g of DNA with the restriction enzyme BamHI, the DNA was separated in a 1% agarose gel and transferred onto a nylon membrane. The genomic DNA was probed with a radioactively labeled SstI fragment spanning mouse W U genomic sequences between -1,400 and -350 (Campbell et al., 1984) .
Chromsome Preparation and In Situ Hybridization. Chromosomes were prepared and in situ hybridization was performed as described (Fries et al., 1990) . Peripheral blood from transgenic pigs was collected by anterior vena caval puncture. Lymphocyte cultures were initiated by mixing .5 ml of whole blood with 8 ml of RPMI 1640 medium supplemented with 20% heat inactivated calf serum and .1 ml pokeweed". After incubation at 37'C for 96 h, colcemid (.l pg/ml) was added for 90 min. Cells were collected, centrifuged, resuspended in 75 mM KC1, centrifuged for 7 min, and fixed in methanol-glacial acetic acid (3:l).
The 7.2-kb EcoRI fragment containing the mouse WAP gene was biotinylated with biotin-16duTp by nick translation. Before hybridization, slides were treated with RNAase A followed by incubation for 2 min in 70% formamide and doublestrength standard saline citrate (2xSSC) (Maniatis et al., 1982) . The hybridization mixture contained 200 ng of denatured biotinylated probe, 50% formamide, 10% dextran sulfate, 2xSSC, 1% Tween 20, and 50 pg/ml of sonicated single stranded salmon sperm DNA. Slides were incubated at 42'C for approximately 24 h with 50 pl of hybridization solution in a humid environment, followed by several washes at 42'C in 50% formamide and 2xSSC.
For the detection of the hybridization signal, fluoremin avidin DCS12 was used and the intensity of the fluorescence was amplified with a biotinylated goat anti-avidin antibody12. fiotographs were taken with an Olympus BH-2 microscope equipped with epifluorescence.
Results and Discussion
Production of Transgenic Pigs. Data p r e sented in Table 1 Figure 2B) . The protein band indicated by an mow (Figure 2B ) represents mature WAP. the lower molecular weight band may be a proteolytic product of WAP, which is also observed in mouse milk samples on occasion (unpublished data). The quantity of mouse WAP in milk from pigs w2202, #5403 (line 2202), #5701 (line 1301). #5511 (line 1301), and #6005 within a day after parturition was between .5 and 1.5 O t e r as determined by ELISA (data not shown) and, therefore, similar to that found in mouse milk The WAF' content in milk from pigs #1302, #5402 (line 2202). and #7001 was approximately 50% of that found in the other animals as determined by ELISA (data not shown) and by immunoblots (Figure 2) . and #5403 (Figure 2B) . However, WAP levels in milk seemed to vary between different animals with the same genetic background. Whereas pig a 2 0 2 and her daughter #5403 secreted similar quantities of WAP, the amount in milk from the other daughter, #5402, was approximately half (Figure 2B) .
Lactational Performance. Lactation in three of the eight transgenic sows proceeded without obvious problems for 6 wk, at which point the pigs were weaned. unable to lactate, the daughter #5402 seemed to lactate normally for 35 d, at which point her pigs were weaned. This may have been due to lower levels of WAP in her milk ( Figure 2B ).
It is possible that agalactia in those sows was merely due to overexpression of a foreign (mouse) protein. However, there are data to suggest that the observed effect was specific to the WAP. First, deregulated expression of the mouse WAP gene in transgenic mice resulted in agalactia in about 25% of the lines (unpublished data). Second, expression of sheep P-lactoglobulin (Simons et al., 1987) and human al-antitrypsin (Archibald et al., 1990) in mouse milk at levels as high as 20 and 7 gfliter, respectively, did not interfere with normal mammary function (John Clark,
Pigs #1302, #I5402 (line 2202), and #7001 secreted less WAP into milk and did not experience any obvious problems with lactation. Milk samples spanning a period of approximately 6 wk were analyzed for mouse WAP and pig p-lactoglobulin. Mouse WAP was secreted into milk of pig #7001 at a constant level over a period of 44 d ( Figure  3B ) and in a similar pattern to that of pig lactoglobulin (Figure 3 0 . The same pattern of P-lactoglobulin secretion over a lactational period was observed in a nontransgenic pig (data not shown). In contrast to pigs #7001 ( Figure 3B ) and 46402 (data not shown), both of which showed similar patterns of WAP secretion over a 5 wk period, pig #1302 differed significantly (Figure 4) . In the milk from this pig we observed a differemt pattern of WAP protein. Instead of two bands on a denaturing SDS-PAGE gel, we observed three proteins in the molecular weight range of approximately 10 to 15 kDa (Figure 4) . "he lower and upper bands correspond to the two WAP bands seen in milk from the other sows (compare #1302 and #7001 in Figure 2B ), but the origin of the middle band is unknown. This protein may be the result of some rearrangements within the transgene locus, and further characterization will be performed with RNA when available. The relative amounts of the three protein species seem to be under different developmental regulatory control. The upper and lower band increased in intensity with progressing lactation, whereas the middle band disappeared by d 35 of lactation, which coincided with a respiratory infection. Figure 6 ) . Founder pig a 2 0 2 and her five transgenic offspring carried about 10 to 15 copies of the WAP transgene ( Figure  6) . The 5.8-kb band has the approximate intensity of a single copy gene and probably represents a junctional fragment that spans WAP sequences and pig DNA from the integration site. This fragment was present in DNA from all line a 2 0 2 pigs, which suggests a common integration site. The DNA from founder a 2 0 2 contained additional bands that were not present in all offspring, indicating some mosaicism at the site of integration in this pig. In particular, pigs a 2 0 2 and #5403 ( Figure 6, lanes 1 and 4) However, in situ hybridization to chromosome spreads revealed that pigs #5402 and #5403 had two integration sites for the WAP transgene on chromosome 9 (9q15 and 9q24-25, Figure 7 ). Because the two sites segregate together, it is not possible to assign them to the different lactation phenotypes seen in these two pigs. We therefore speculate that rearrangements within the WAP locus or loss of some WAP genes may have resulted in mosaicism seen in the Southern blot, and the different expression levels resulted in two distinct lactational phenotypes. The analysis of at least 50 metaphases per animal demon- strated that the WAP transgenes were integrated in a different chromosome in each of the four lines of transgenic pigs. By sequential analysis of banded and hybridized chrome somes, integration sites were l o c W on chromosomes 6, 9, 14, and 15. In pig #5511 (line 1301) the integration site was on 6q12-21, in pig #7001 (founder) on 14q27, and in pig #6005 (founder) on 15q24.
We have shown that transgenic pigs carrying the mouse WAP gene produce the WAF' in quantities between .5 and 1.5 @ter millc. Steady-state levels of the WAP RNA in transgenic pigs' mammary tissue are similar to those of pig j3casein and &lactoglobulin. Synthesis of WAF' in transgenic pigs from three lines resulted in agalactia in these animals, suggesting that constitutive expression can interfere with mammary function.
lmpllcatlons
As shown here, it is possible to convert transgenic pigs into bioreactors producing and secreting into milk large amounts of nonporcine proteins. Regulatory genetic elements from the mous whey acidic protein gene targeted expression to the mammary gland in transgenic pigs. With the help of these control elements, it will now be possible to produce on a large scale proteins for human consumption. High-value, pharmacologically active proteins, such as clotting factors WI and E, will be prime targets for this technology. Based on the level of whey acidic protein expression in this study, milk from one transgenic pig, goat, or ewe should be sufficient to meet the world's needs for these proteins.
